In methylotrophic bacteria, at least two or three different c-type cytochromes are loosely attached to the periplasmic region of the respiratory membraneand the remainder of the otype cytochromes are firmly bound to the membrane.1} The obligate methylotrophic bacterium, Methylophilus methylotrophus, contains three soluble cytochromes c (cytochromes cH, CLMand cL), and 30 to 50% of the cytochromes c are tightly bound to the membrane. The membrane-bound cytochromes comprise 8%ofcytochrome cH, 37% of cytochrome cL and 55% of the cytochrome c. component of the terminal oxidase, cytochrome co. The membrane-bound cytochrome cL plays a role analogous to that of mitochondrial cytochrome cl9 in mediating between cytochrome b and the terminal oxidase during the oxidation of NADH.2) A KCN-resistant mutant, YJC 56, was derived from Methylomonas sp. YK 1 for the development of microbial processes for cytochrome c production, and its cellular cytochromec content was increased comparedto that of the wild type strain.
3) The mutant strain contained three distinct soluble cytochromes c (cytochromes c-I, oil and c-III), whereas the wild type strain contained only two (cytochromes c-l and c-III). 4) This paper describes the purification and characterization of the membrane-bound cytochrome c of Methylomonas sp. YK56.
MATERIALS AND METHODS
Chemicals. Lysozyme was purchased from Seikagaku Kogyo Co., Ltd. RNase, DNase, glucose 6-phosphate and 6-phosphogluconate were purchased from Sigma Chemical Co., Ltd. Other chemicals were obtained from usual commercial sources and used without further purification.
Strains. Methylomonas sp. YK1 and the KCN-resistant mutant, YK56, described in a previous paper3) were used in this study.
Media and cultivations. The compositions of the media for seed culture and the cytochromec production culture media were given in a previous paper.40 Each bacterium was incubated at 28°C for 24hr in a 500-ml shaking flask containing 100 ml of the seed culture medium. Five milliliters of the seed culture was then inoculated into a 2-liter shaking flask containing 500 ml of the culture medium. The cultivation was carried out at 28°C for 45hr on a reciprocal shaker at 100rpm. Cells were harvested by centrifugation at 24,000 x g for 15min and then washed twice with physiological saline.
Fractionation of cytochromes c of Methylomonassp. To determine the localization of cytochrome c, cells were treated with lysozyme, and then periplasm, membraneand cytoplasm fractions were prepared according principally to the methods of Jones et al.l) and Lawton and Anthony.5) The cells were suspended in 10mMTris-HCl buffer, pH 7.5, to a density of 20mg dry cell weight (DCW) per ml. Lysozyme, lOmg per ml, was added to 15ml of the bacterial cell suspension, the final concentration of lysozyme being 0.1 mg per mg-DCW.The mixture was agitated gently for 30min at 30°C and then 100mMEDTAwas added slowly to a concentration of 0.5% (v/v). After 5min, 4ml ofMgCl2 (3m), and 1 ml each of RNase and DNase (lOmg/ml) were added to the mixture, which was then incubated for 2min. The mixture was rapidly cooled on ice and then centrifuged at 24,000 x0 for 15min to yield a red-colored supernatant (periplasm; soluble cytochrome c) and a pellet (spheroplasts). The spheroplasts were suspended in 10mMTris-HCl buffer, pH 7.5, slowly agitated for 1 hr at room temperature, and then centrifuged at 100,000x g for 90min to a yield supernatant (cytoplasm) and a pellet (membranes; membrane-bound cytochrome c), which was then suspended in 10mMTris-HCl buffer, pH 7.5.
Solubilization of membrane-bound cytochrome c. For the purification of membrane-bound cytochrome c, harvested cells were suspdnded in 10mMTris-HCl buffer, pH 8.0, at a concentration of about 60mg cells as DCWper ml, and then sonicated at 9KHz for 20min as described previously.^The disrupted cell suspension was centrifuged at 24,000 x g for 30min. The precipitate obtained was again sonicated and centrifuged as described above. The resultant supernatant was centrifuged at 100,000x gf for 90min, and the precipitate obtained was used as the membrane-boundcytochrome c fraction.
The precipitate was suspended in 10mM Tris-HCl buffer, pH 8.0, and then sodium dodecylsulfate (SDS) was added to the suspension to a final concentration of 0.5%, followed by stirring for 1 hr. To the suspension, solid ammoniumsulfate was added under stirring to give 10% saturation (56g/liter).
The pH was adjusted to 7.0 with 1% (w/v) NH4OHsolution. This mixture was left for 30min and then centrifuged at 24,000x0 for 10min. Moreammonium sulfate was added to the resultant supernatant to give 35% saturation. The precipitate was collected by centrifugation and dissolved in 10mMTris-HCl buffer, pH 8.0, containing 0.5% SDS. The solution wasdialyzed twice against 30 liters of the same buffer for 5hr each time. Acetone, chilled to -20°C, was added to the solution and mixed in with the aid of a magnetic stirrer for 30min at 4°C, followed by filteration on Buchner funnel with No. 2 TOYOfilter paper. The precipitate was washed on the filter with chilled acetone. The acetone powder obtained was dried in a desiccator in vacuo for 3 hr. After drying, the powder was suspended in 10mM Tris-HCl buffer, pH 8.0, containing 0.5% SDS.
Determination of the activities of methanol, glucose 6-phosphate and 6-phosphogluconate dehydrogenases.
Methanol dehydrogenase activity was assayed by measuring the rate of reduction of 2,6-dichlorophenol-indophenol (DCPIP) in a reaction mixture (3ml) consisting of 0.3mmol of Tris-HCl buffer, pH 9.0, 20/imol of metha- The activities of glucose 6-phosphate and 6-phosphogluconate dehydrogenases were assayed using conventional spectrophotometric procedures.7)
Spectrophotometric determination of membrane-bound cytochrome c. The amount ofcytochrome c was calculated from the absorbance at 551.5 and 535nm as described previously.
3 )
The absorption spectra of the reduced and oxidized forms at room temperature were measured after addition of dithionite or ferricyanide to the purified membranebound cytochrome c solution. The absorption spectra at low temperature (77K) were measured as described previously. The millimolar extinction coefficient at 551.5 nm of the purified membrane-bound cytochrome c was calculated from the molecular weight (10,000), the amount of cytochrome c and the absorption at 550.2nm of the pyridine ferrohemochrome.
Determination of the molecular weight, isoelectric point and protein amount. The molecular weight of the membrane-boundcytochrome c was determined by high pressure liquid chromatography. 4) A sample of about 0.2mg protein per ml, 5/4, was injected, and eluted at a rate of 0.5ml per min with 0.1 m potassium phosphate buffer, pH 7.0, containing 0.2 m NaCl. The isoelectric point was determined with sucrose gradient containing LKB ampholine (pH range, 3.5~10). 
RESULTS
Localization ofcytochromes c in cells of the wild type and mutant strains As shown in Table I , about 62% of the total cytochrome c was detected in the periplasm of the wild type and mutant strains as soluble cytochrome c, and the remainder (38%) was found in the membrane. The amount of membrane-boundcytochrome c of the mutant strain increased to 3-fold over that of the wild type strain as the amount of soluble cytochrome c increased. All of the methanol dehydrogenase activity was detected in the periplasm, and less than 10% of the activities of glucose 6-phosphate and 6-phosphogluconate dehydrogenases, as marker enzymes of the cytoplasm, were detected in the periplasm. These results showed that the fractionation of cell components was almost complete.
Comparison of membrane-bound cytochromes c of the wild type and mutant strains Figure 1 shows the elution patterns of the Fractions of 5ml were collected and the amount of cytochrome c was determined. , A2S0\ -#-, cytochrome c. All purification procedures were carried out at 4°C, and 10mM Tris-HCl buffer, pH 8.0, was used in each step. Membrane-bound cytochrome c prepared through sonication from 40g as DCWof cells of Methylomonas sp. YK 56 was applied to a column of DEAE-cellulose (5 x 60cm), which had been equilibrated with the same buffer containing 0.5% SDS. The elution was performed as described in Fig. 1 . The concentrate was applied to a column of Cellulofine GC-100-m (3x 110cm), which had been equilibrated with the same buffer containing 0.1% SDS, and eluted with the same solution. The concentrated cytochrome c fraction was dialyzed against the same buffer containing 10% (NH4)2SO4 and then applied to a column of Octyl-Sepharose CL-4B (1 x 10cm), which had been equilibrated with the same buffer containing 10% (NH4)2SO4. Cytochrome c was adsorbed on the column and eluted with a stepwise elution gradient of 10 to 0% (NH4)2SO4, in steps of i%. Cytochrome c, which was eluted between 1 and 0% of (NH4)2SO4, was concentrated and applied to a column of DEAE-cellulose (2.5x 30cm), which had been equilibrated with the same buffer containing 0.5% SDS, Cytochrome c was obtained at pH 12 on stepwise elution with the buffer between pH 8 to 12. The pH was adjusted with 2N NaOH. The cytochrome c fraction gave a single band on SDS-polyacrylamide and polyacrylamide gel electrophoreses.
2) Adsorbed membrane-bound cytochrome c. The adsorbed cytochrome c fractions on the 1st DEAE-cellulose column chromatography were eluted in a stepwise manner, pH 8 to 12, as described in Fig. 1 , and then concentrated as described above. Cytochrome c was applied to a column of Cellulofine GC-2000-m (4 x 50cm), which had been equilibrated with the same buffer containing 0.1% SDS, and eluted with the same solution. The concentrated cytochrome c fraction was applied to a column ofCellulofine GC-100-m (3 x 1 10cm), which had been equilibrated as described above, and eluted with the same solution. The eluate was dialyzed twice against the buffer containing 10% (NH4)2SO4 and then applied to a column of Octyl-Sepharose CL-4B (1 x 10cm), which had been equilibrated as described above. Cytochrome c was eluted at a concentration of 1 to 0% of (NH4)2SO4 on stepwise elution, 10 to 0% in steps of 1%. Cytochrome c was applied to a column of DEAE-cellulose (2.5 x 30 cm), which had been equilibrated as described above and eluted at around pH 12 on stepwise elution with the buffer, pH 8 to 12. The pH was adjusted with 2n NaOH. Cytochrome c gave a single band on SDS-polyacrylamide and polyacrylamide gel electrophoreses. Table II summarizes the result of the purification of the two membrane-bound cytochromes c.
Characterization of non-adsorbed and adsorbed cytochromes c The two cytochromes c obtained at each final purification step were characterized. These showed almost the same properties, as described below. The amounts of protein0 and cytochrome cb were determined by the method of Lowry et al, and from the absorbance at 551.5 and 535 nm, respectively. The isoelectric point of the purified membrane-boundcytochromes c were determined as described in Materials and Methods using 0.5 mg each of the two cytochromes c. , pH; -#-, cytochrome c.
1) Molecular weight. The molecular weights of the two purified membrane-bound cytochromes c were determined by high pressure liquid chromatography to be 10,000.
2) Isoelectric point. The isoelectric points of the two purified membrane-bound cytochromes c were determined to be 4.1, as shown in Fig. 2. 3) Absorption spectra at room temperature. Figure 3 shows the absorption spectra of the reduced and oxidized forms of the two purified membrane-bound cytochromes c. Three absorption maximaof the reduced form were at 551.5, 522.5, and 417.5nm, and the ratio ofy- The millimolar extinction coefficient at 551.5nm of the purified membrane-bound cytochrome c was 25mM~1cm"1.
3) Absorption spectra at low temperature. Figure 4 shows the absorption spectrum of the reduced form of the purified membrane-bound cytochrome c at low temperature (77K). Three absorption maxima were at 549,521.5, and 418nm, and a shoulder on the /?-band appeared at around 530nm. The a-band shifted 2.5nm lower in wavelength and the peak at 530nm appeared more clearly than that at roomtemperature.
DISCUSSION
An increase in the amount of cytochrome c of a KCN-resistant mutant, strain YK56, of Methylomonas sp. was observed both for soluble and membrane-bound cytochromes c. Soluble cytochromes c of the mutant strain comprised three distinct types (cytochromes ol, oil and OIII), although the wild type stain only contained two (cytochromes ol and o III).4) Soluble cytochrome oil was newly detected in the mutant strain. On the other hand, membrane-boundcytochrome c of the wild type and mutant strains showed the same elution pattern on DEAE-cellulose column chromatography, and a cytochrome c was not newly detected in the mutant strain.
The obligate methylotroph, M. methylotrophus, contains three soluble cytochromes c. Two of them (cytochromes cH and cL) were also detected in the membranefraction.
2) The allow a more definite conclusion as to the identity of the two membrane-bound cytochrome c. The membrane-bound cytochrome(s) c of Methylomonas sp. YK 56 was compared with the two soluble cytochromes c, as shown in Table III . Absorption spectra of the soluble and membrane-bound cytochromes c showed an absorption maximum at 551.5nm at room temperature. However, other properties of the membranebound cytochrome(s) c were different from those of the soluble cytochromes c. In particular, the molecular weight of the membrane-bound cytochrome(s) c was smaller, and the ratio of the y-and a-bands of the membrane-bound cytochrome(s) c was 7.79 which is greater than that the values for the two soluble cytochromes c. From these results, i t was concluded that the membrane-bound cytochrome(s) c was different in type from the two soluble cytochromes c.
